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We have studied the dark conductivity of a broad microstructural range of plasma deposited single phase undoped 
µc-Si:H films in a wide temperature range (15–450K) to identify the possible transport mechanisms and the 
interrelationship between film microstructure and electrical transport behavior. Different conduction behaviors seen 
in films with different microstructures are explained in the context of underlying transport mechanisms and 
microstructural features, for above and below room temperature measurements. Our microstructural studies have 
shown that different ranges of the percentage volume fraction of the constituent large crystallite grains (Fcl) of the 
µc-Si:H films correspond to characteristically different and specific microstructures, irrespective of deposition 
conditions and thicknesses. Our electrical transport studies demonstrate that each type of µc-Si:H material having a 
different range of Fcl shows different electrical transport behaviors.  
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1. INTRODUCTION 
 
The wide range of possible applications of micro-
crystalline silicon (µc-Si:H) is limited only by the inher-
ent microstructural complexities and the consequently in-
tricate electrical transport behavior of this material [1,2]. 
In general, electrical transport in µc-Si:H films shows an 
activated behavior, although different transport mecha-
nisms may be observed depending on the film micro-
structure, doping and the range of measurement tempera-
tures. Electrical transport in µc-Si:H at above room tem-
perature has been explained using models that invoke po-
tential barriers at grain boundaries (GB) [3] and percola-
tion [4]. Electrical transport at low temperatures has been 
explained in terms of tunneling and hopping [5,6,7,8]. 
In the study of electrical transport properties in 
µc-Si:H, the time-honored concepts regarding the roles of 
changing crystallinity with film growth and amorphous 
phase in the system lose their relevance in the highly 
crystallized single phase µc-Si:H films having no distin-
guishable amorphous phase [2,9,10]. Because µc-Si:H is 
not a microstructurally defined unique material, a certain 
model that satisfactorily explains electronic transport for 
µc-Si:H material having a particular type of microstruc-
ture may not be applicable to another type of material. In 
this article we have presented the results of
dark conductivity measurements conducted over a wide 
range of temperature (450–15 K) on a wide range of well-
characterized highly crystallized single phase undoped 
µc-Si:H samples, addressing the current transport mecha-
nisms in the context of the complex microstructure. Our 
study reveals that the fractional composition of constitu-
ent large crystallite grains correlates well to the film mi-
crostructure and morphology; and can be empirically 
used to classify the films into types having similar micro-
structure and electrical transport behavior.  
 
2. EXPERIMENTAL DETAILS 
 
Undoped µc-Si:H films were deposited at a low sub-
strate temperature (Ts ≤ 200˚C) in a parallel-plate glow 
discharge plasma enhanced chemical vapor deposition 
system operating at a standard rf frequency of 13.56 
MHz, using high purity SiF4, Ar and H2 as feed gases. 
We systematized our work by studying the influence of 
varying either gas flow ratio (R = SiF4/H2; SiF4=1 sccm 
and H2 dilution range 1-20 sccm) or Ts (100-250˚C) on 
the film microstructure, for different film thickness (d ~ 
50-1200 nm), thereby creating series of samples. The mi-
crostructural studies were carried out employing bifacial 
Raman scattering (RS), spectroscopic ellipsometry (SE), 
X-ray diffraction (XRD), and atomic force microscopy 
(AFM) [11]. The dark conductivity σd(T) measurements 
were carried out on a large number of well annealed sam-
ples having different thicknesses, microstructures and 
morphological properties, using coplanar geometry in dif-
ferent experimental set-ups (above room temperature, 
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300–450K; and low temperature, 300–15 K).  
 
3. RESULTS AND DISCUSSIONS 
 
The microstructural characterization studies of the 
material with RS and SE showed a high crystallinity of 
all the samples. The experimental SE data was fitted us-
ing Bruggeman effective medium approximation 
(BEMA) [12]. We have chosen published dielectric func-
tions for low-pressure chemical vapor deposited polysili-
con with large (pc-Si-l) and fine (pc-Si-f) grains as refer-
ence in the BEMA model [13]. For fitting of the experi-
mental SE data, we have used a three layered structure 
optical model of films that consists of a bottom layer in-
terfacing with substrate, a bulk layer and a top surface 
roughness layer. 
SE data demonstrated a high crystalline volume frac-
tion (Fc >90%) in the bulk of the material from the initial 
stages of growth, with the rest being density deficit hav-
ing no amorphous phase. The fractional composition of 
the films obtained from SE data revealed crystallite 
grains of two distinct sizes, which was corroborated by 
the deconvolution of RS profiles using a bimodal size 
distribution of large crystallite grains (LG ~70–80nm) 
and small crystallite grains (SG ~6–7nm) [11]. There is a 
significant variation in the percentage volume fraction of 
the constituent large (Fcl) and small grains (Fcf) with film 
growth, as evidenced by the analyses of RS, SE and 
XRD. With film growth the ratio Fcl / Fcf rises and void 
fraction becomes negligible, resulting in a improved ma-
terial density. The commencement and evolution of con-
glomeration of crystallites with film growth demonstrated 
by AFM corresponds to the appearance and increase in 
the LG fraction.  
 
3.1. Electrical properties: above room temperature   
 
Electrical conductivity was studied in context of 
deposition parameters (R, d and Ts), as they are known to 
influence the film microstructure. At above room tem-
perature, σd(T) of all the µc-Si:H films follows Arrhenius 
type thermally activated behavior described by: 
kTEe /0d a
−= σσ ,    (1) 
where σ0 is known as conductivity pre-factor and Ea as 
activation energy. With an increase in film thickness, σd 
increases and Ea decreases, irrespective of the deposition 
parameter values [10]. However, films having similar d, 
but deposited under different conditions show wide varia-
tion in the electrical transport behavior, due to the various 
effects of deposition conditions on the underlying film 
microstructure. For samples with similar d, inter-sample 
comparability regarding electrical transport behavior is 
possible only when the film microstructure is understood 
in the context of the fabrication history [10]. The corre-
spondence between thickness or deposition parameters 
and film microstructure is not always systematic because 
the same microstructure can be achieved by the adjust-
ment of one or more deposition parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Our earlier work has shown that Fcl values correlate 
well to the stage of film growth and morphology, regard-
less of the deposition parameters [10]. Therefore, to ex-
plore the correspondence, if any, between the Fcl values 
and electrical transport behavior, we have plotted the ma-
terial parameters σ0 and Ea with the respective Fcl values 
in Fig. 1. Ea and σ0 is valuable for understanding the 
mechanism and physics of electrical transport in the ma-
terial. σ0 is an indicator of the amount of statistical shift 
in Fermi level (Ef) and mobility edges. Here we see that 
three distinct and systematic trends of variation of the 
transport parameters are seen in different ranges of Fcl (0–
30%, 30–45% and > 45%). We have designated the films 
that fall into the three zones of this graph as types – A, B 
and C films. The variation of σ0 and Ea with film micro-
structure and Fcl can be explained as follows. In the 
type-A films, the Fcl increases from 0–35%. Here, the 
samples mainly contain SG ≤10 nm in size. Having a 
large number density of SG (with large number of SG 
boundaries) with a distribution of crystallite sizes leads to 
higher structural disorder even if there is no appreciable 
presence of an amorphous silicon tissue. Here σ0 and Ea 
are constant. Due to the predominant population of SG, 
the question of formation of potential barrier (i.e., trans-
port through crystallites) does not arise because the large 
number of defect/trap sites compared to free electrons 
and small size of crystallites will result in a depletion 
width that is sufficiently large to become greater than the 
grain size, causing the entire grain to be depleted. There-
fore, the transport in this type of material will be gov-
erned by the band tail transport. 
In type-B films, Fcl varies in the range of ~30- 40%. 
The electrical transport in this zone is strongly influenced 
by the formation of columnar boundaries, with changes in 
the transport routes. There is a sharp drop in σ0 and Ea. 
The improvement in film microstructure leads to a delo-
calization of the tail states causing the Ef to move towards 
the band edges, closer to the current path at conduction 
band (CB) edge (Ec). The statistical shift of Ef depends on 
the temperature and the initial position of Ef, and when 
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Fig. 1 Variation of σ0 and Ea with Fcl. Here left Y-axis depicts σ0 and right Y-axis depicts Ea. The lines are shown to guide the 
eye. 
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the Ef is closer to any of the tail states and the tail states 
are steep, its statistical shift is rapid and marked. 
The type-C films are constituted primarily of tightly 
packed crystallites, and have Fcl >50%. The AFM studies 
of these samples had revealed that the conglomerate col-
umns have an average width ~300–400nm. Our XRD re-
sults showed that preferred orientation is present in these 
films. The void fraction (density deficit) in these samples 
is negligible. Here, σ0 shows a rising trend and the fall in 
Ea is slowed down. A higher Fcl and large size of columns 
result in less columnar boundary tissue with consequently 
lesser amount of associated defects. In addition, this 
boundary tissue forms a well established conducting net-
work, which results in a rise in σ0, and considering trans-
port through this network, a band tail transport is manda-
tory [9]. The large columnar microstructure results in a 
long range ordering which is sufficient to delocalize an 
appreciable range of states in the tail state distribution. In 
addition, higher density of available free carriers and low 
value of defect density can cause a large increase in nega-
tively charged dangling bond (DB) state density together 
with a decrease in positively charged DB states in the 
gap, which results in a lower density of states near the 
conduction band (CB) edge and can create a possibility of 
a steeper CB tail.  
Thus, we see that in single-phase µc-Si:H material, in 
the absence of any correspondence with the total crystal-
line fraction (which is constant), or amorphous phase 
(which is absent), the above room temperature electrical 
transport behavior can be well correlated empirically to 
the film microstructure with the help of the percentage 
fraction of the constituent large crystallite grains. 
 
3.2. Electrical properties: below room temperature 
 
Now we come to the results of the low temperature 
electrical transport properties of our µc-Si:H samples be-
long to the three types described above. In Fig. 2(a) σd(T) 
is plotted with reciprocal of T. The data reveals a con-
tinuously varying slope in σd(T), which becomes almost 
independent of temperature for all samples at tempera-
tures lower than certain values, depending on the film 
microstructure. This behavior indicates that the tunneling 
of carriers may be a dominant form of current conduction 
at lower temperatures.  
According to Mott’s variable range hopping (M-
VRH) model for the three-dimensional case, if the density 
of states (DOS) is constant in a kT energy range around 
Ef, the σd(T) is expressed as: * 1/ 40 Mexp / )d T Tσ σ= (−  
where the terms *0σ  and TM are constants [14]. TM is re-
lated to the DOS at the Fermi energy (Nf) by expression: 
TM = CMα3 /(kNf), where k is Boltzmann’s constant, α is 
the decay constant of localized wave function and CM is a 
constant. In Fig. 2(b), we have plotted σd(T) data versus 
T–¼ and determined M-VRH constants. Here we see that 
types-A and B data fit better than the type-C data. Accord-
ing to Mott, the value of CM is ≈ 16 for a constant DOS 
around the Ef. αRopt(T) ≥ 1 is a prerequisite condition for 
M-VRH, which is found to be true in our case. However, 
Godet reported high values of CM (=310) for materials 
having an exponentially distributed DOS (G-VRH model) 
and set two conditions for this to be applicable [15]: First, 
a linear relationship should be present between *0lnσ  and 
the slope 4
1
MT ,which is evident in the inset of Fig. 2(b). 
The second condition states that the localization parame-
ter (LP =Nf.α −1) should be in the range of 10-5 -1, which 
also holds true for our case. Considering these conditions 
set out by Godet to discriminate between hopping near Ef 
and hopping in bandtails, the G-VRH model seems to be
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Fig. 2 (a) Temperature dependence of σd (T) at low tempera-
tures. The sample details are: Type-A samples: #B22 (170nm, 
R=1/10) and #D26 (410nm, R=1/5); type-B: #B11 (390nm, 
R=1/10), #B23 (590nm, R=1/10) and #B04 (950nm, R=1/10); 
type-C: #F06 (920nm, R=1/1), #E31 (1200nm, R=1/1) and #E25 
(1025nm, R=1/5). Τs of all the samples is 200°C. (b) σd (T) data 
as a function of T–¼. The inset shows relationship between 
*
0σ and slope 41MT . (c) σd (T) data as a function of T– ½. 
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applicable to our observations. The reason behind this is 
probably that the improvement in film microstructure 
with film growth leads to delocalization of the tail states 
causing the Ef to move towards the band edges. In con-
trast to the constant DOS at Ef in amorphous silicon, the 
Ef in µc-Si:H is actually somewhere in the vicinity of the 
exponential tail states. Therefore, in µc-Si:H system, both 
doped and intrinsic, the G-VRH mechanism is more ap-
plicable than the M-VRH.  
A fitting of the same low temperature data to the 
conductivity expression, σd ~ exp (T0/T)-1/2, is demon-
strated in Fig. 2(c). Such a temperature dependence of 
carrier transport may arise either due to Efros-Shklovskii 
variable range hopping (ES-VRH) [16] or due to percola-
tion-hopping (PH model) transport model as applicable to 
a composite system of granular metal dispersed in an in-
sulator matrix proposed by Šimánek [17]. According to 
PH model, in a metal-insulator composite system, T0 is 
given by: T0 = 16 χe2 (s/dg)2 / kε(½  + s/dg), where χ is the 
rate of decay of the wave function in the insulator, dg is 
the average grain size, s is the average width of the high 
resistive region between the neighboring grains, ε is the 
dielectric constant of the insulator and e is the electronic 
charge. The unreasonable material parameter values de-
termined from T0 using ES-VRH mechanism do not sug-
gest it to be a possible transport mechanism in our case. 
In the heterogeneous structure of our µc-Si:H samples, 
the granular bulk (crystalline columnar island) conductiv-
ity is larger than the conductivity in the boundary regions 
containing disordered phase. The overall conductivity is 
governed by the resistive inter-granular region.  
It is now desirable to see if the hopping parameters 
obtained from VRH mechanism (T–¼ dependence) and 
material properties deduced from T–½ dependence are cor-
roborative with the film microstructure by studying their 
variation with Fcl. The hopping parameters for G-VRH: 
Nf, optimum hopping distance, Ropt= (9/8παNf kT)1/4 and 
optimum hopping energy, Wopt = 3/4πR3Nf are plotted in 
Fig. 3(a), (b) and (c) respectively. The values of s/dg ob-
tained from T0 (T–½ dependence) of each sample using the 
value of χ ~ 1 Å-1, and ε ≈ 8 for bulk-disordered region 
are plotted with Fcl in Fig. 3(d). In Fig. 3(a), on proceed-
ing from type-A to type-B material, we note a gradual fall 
in Nf up to one order. The trend reverses and Nf starts ris-
ing at about Fcl ~ 40% reaching a plateau in type-C above 
Fcl ~ 50%. The observed variation of Nf with film micro-
structure is explained by the changes occurring in the 
DOS with film growth. At the beginning of the growth, 
the DOS is high, and in spite of being fully crystalline, 
the film is mainly composed of SG, with a relatively high 
number of grain boundaries resulting in high defect den-
sities. With film growth, the Fcl rises, there is alteration in 
film morphology with the onset of conglomeration of 
grains, and the number of grain boundaries are reduced, 
resulting in a steep fall in the Nf by an order of magni-
tude. Further, as we approach type-C material, Nf rises, as 
the Ef gets closer to CB edge, which is steeper compared 
to the CB edge in type-A and type-B materials.  
In Fig. 3(b) and (c), the Ropt and Wopt values for types  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A and B materials show a rising trend with rising Fcl. This 
variation of Ropt and Wopt are well correlated to the DOS 
variation with film growth, the lowering of DOS resulting 
in higher Ropt and Wopt values. As we reach type-C mate-
rial, Ropt and Wopt start decreasing abruptly at Fcl ~ 40, 
reaching a low plateau level in type-C at Fcl ~ 50. For 
hopping model to be applicable here, Ropt should be 
greater than or comparable to dg, as the hopping distance 
has been physically correlated with the effective diameter 
of Si columns in Si nanostructures. When Ropt approaches 
dg, the hopping process corresponds to near neighbor tun-
neling, which should give rise to activated behavior of 
carriers. However, the Ropt value in type-C is calculated to 
be 7-9 nm, which is less than the dg (~90–100nm), indi-
cating that activated behavior should be evident in this 
temperature range, which contradicts our observations. 
Secondly, α−1 for highly crystalline polycrystalline mate-
rial has been reported to be ~ 257Å [18]. Assuming such 
a value of α−1 for type-C material, (α.Ropt) comes out to 
be less than one, which precludes the basic assumption of 
T–¼ hopping mechanism.  
Exploring the applicability of PH model in our mate-
rial, in Fig. 3(d) we see that s/dg is low in the type-A ma-
terial, which can be explained by the smaller boundaries 
of the densely packed small grains. The samples of types 
A and B in this study are all deposited under R= 1/10, 
where non-connecting conglomerate columns are formed 
having inverted pyramidal shapes. As a result, when the 
film grows in thickness, density deficit rises with signifi-
cant void fraction between the columns/ grains. Thus, as 
we approach type-B material, these morphological 
changes occurring during film growth could result in a 
rise in the resistive boundary regions and the s/dg may 
rise. Nevertheless, the morphological studies of the 
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type-B material suggest otherwise, and the onset of con-
glomeration should result in a lower s/dg than the derived 
values, because for any increase in s, there is also a sig-
nificant increase in the dg of the conducting crystallite 
conglomerates. However, in type-C material, all the sam-
ples in this study are deposited under R= 1/1 and 1/5. 
Here a least value of void fraction is seen, resulting in a 
highly dense material with tightly joined crystallites and 
straight conglomerate columns. The conglomeration is 
complete, and a sharp decline in s/dg signifies the low 
amount of boundaries compared to the larger width of 
conducting crystallite conglomerates. Our morphological 
studies have yielded s ~ 5–7nm and dg ~ 90–100nm, 
which leads to s/dg ~ 0.05–0.07, a value closely matching 
the value calculated from this model.  
Another corroborating evidence for T–½ dependence 
in type-C material can be derived from the observed value 
of T0 (Eq. 3), which is a material constant. T0 has been 
reported to be 1×104–3×104 K in highly crystallized nano 
or microcrystalline Si [7]. Value of T0 has been calculated 
by theoretical method for nc-Si system by Rafiq et al., 
yielding a value of 1.15×104 K [8]. T0 values in our 
type-C material are ~ 104 K, while in types A and B, T0 
~105 K. Interestingly, T–½ dependence of σd(T) behavior 
reported for SiF4 based plasma deposited µc-Si:H mate-
rial is only seen in fully crystallized (100% crystalline 
volume fraction) material and not in mixed phase µc-Si:H 
system. Therefore, T–½ dependence is more applicable in 
type-C material. Furthermore, a comparison between the 
two types of fitting (T–½ and T–¼) using statistical parame-
ters (like χ2 or standard deviation) suggests T–½ to be a 
better fit to the σd(T) data of highly crystallized thick 
samples (type-C), but the same cannot be said for the 
thinner type-A samples conclusively.  
Thus T–½ dependence of σd is seen in those µc-Si:H 
films whose microstructure consists of tightly packed 
large columnar grains without any distinguishable disor-
dered phase (like type-C µc-Si:H), whereas the films hav-
ing small grains with a fair amount of defect densities in 
the boundary regions (like type-A µc-Si:H) show a T–¼ re-
lation. 
 
4. CONCLUSIONS 
 
We have studied the temperature dependent dark 
conductivity σd(T) in the temperature range of 15 – 450 K 
of microstructurally well-characterized highly crystal-
lized undoped µc-Si:H samples having a variety of mi-
crostructures. Our results show that the percentage frac-
tion of constituent large crystallite grains can be used as 
an empirical parameter to correlate a wide range of mi-
crostructures to the electrical transport properties in this 
material. We have used this correlation to classify our 
samples into three types of material having different mi-
crostructures and electrical transport properties. The dif-
ferent underlying transport mechanisms for each tempera-
ture range have been discussed in the context of different 
film microstructures. 
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